ABSTRACT
electron emission cathode for application in high power microwave devices, and as a potential electron emissive 23 material for thermionic energy conversion technologies. perovskite oxides were investigated using Density Functional Theory. The governing work function physics 6 were developed using concepts of bonding ionicity, hybridization, band filling, surface dipoles, and the oxygen 7 band center as an electronic structure descriptor. SrVO 3 was found to be a new promising, low work function 8 electron emission material.
Information (SI).
We note that we use ideal (001) surfaces without defects or atomic position reconstructions,
11
and we discuss the impacts of this approximation in our discussion of errors between experiment and simulation 12 in Section 3.1 of the main paper and also in Section 3 of the SI. and (E) symmetric and BO 2 terminated, nonstoichiometric. 7
8
Knowledge of a material's work function provides an absolute electron energy level reference relative to 9 the vacuum energy, which is important for device applications where the discontinuities of energy levels 10 between different materials have a large effect on the device properties and performance. Absolute electron 11 trends in transition metal chemistry. We use the HSE functional of Heyd, Scuseria and Ernzerhof [18] within
10
Density Functional Theory (DFT) with Hartree-Fock exchange fractions obtained from Refs. [19, 20] , which fit 11 the exchange fractions specifically to yield correct bulk electronic properties for these materials. Use of these 12 fitted Hartree-Fock exchange fractions ensures that the band levels and work functions are the most quantitative 13 calculated values reported to date.
14
We also apply the methods and understanding gained in this work to discover a low work function 15 perovskite material, SrVO 3 , for efficient electron emission into vacuum (thermionic, field, or photo-emission).
16
The main electron emission applications considered here are high power electron beam applications (such as 17 high power microwave or millimeter-wave source technologies) and thermionic energy conversion devices. A 18 low work function is important for electron emitters as the most facile electron removal will result in high 19 emitted electron current densities at lower temperatures, electric fields, or light intensity in the context of 20 thermionic, field, or photo-emission, respectively. In the rest of this paper, we specifically discuss and compare
21
perovskite emission property predictions with conventional thermionic emitters, but the advantages are 22 understood to apply more generally to all forms of electron emission.
23
Historically, thermionic electron emitters are comprised of a refractory metal such as W coated with an 24 oxide or diffusing oxide species that lowers the work function via electrostatic surface dipoles. The coating is 25 necessary because the refractory metals tend to have high work functions (on the order of 4.5 eV), and are 1 therefore poor electron emitters unless a coating is included to lower their work function. Examples of 2 thermionic emitters include impregnated W cathodes that have a low work function due to the formation of Ba-
3
O dipoles [21] and scandate cathodes where the complex interplay between dipole formation and electron doping 4 of Ba-O on Sc 2 O 3 also creates a low work function. [21] [22] [23] These types of thermionic emitters are currently 5 employed in many high power electron beam applications. [24, 25] Even thermionic energy conversion emitting 6 layers rely on the same type of volatile surface dipole layers, such as Cs-O adsorbed on GaAs or InGaAs. [26, 27] 7
Replacing these current emission materials which contain volatile surface species with a new material with an 8 intrinsically low work function would simplify the architecture and increase the lifetime of electronic devices 9 which use thermionic electron emission processes. In this work we propose that SrVO 3 , due to its intrinsic 10 stability, high conductivity, and low work function, is a very promising material for next generation thermionic 11 electron emitters.
12
There has been some experimental and computational work related to measuring the work functions of of these studies provide enough data to establish the physics and trends governing true surface work functions.
19
Summary tables of these experimental and calculated work functions from other research groups are provided in
20
Section 3 of the SI along with a discussion of their comparison to our values. Generally, our calculated results
21
agree with previous experimental and calculated values to the extent that comparison is possible. intense research in the areas of oxide electronics, [1] [2] [3] catalysis and solid oxide fuel cells, [4] [5] [6] [7] transistor 10 dielectrics, [8, 9] field emission coatings, [10] [11] [12] [13] magnetic tunnel junctions, [14, 15] and solid state memory. [16, 17] 11
Furthermore, these materials can exhibit the stable incorporation of many transition metals, resulting in a range 12 of physical properties (e.g., from heavily insulating to metallic electronic conductivity), making them an ideal 13 set of materials in which to study compositional trends in the work function. Looking from left to right, Figure   14 2 shows how the AO and BO 2 work functions for perovskite materials change as B-site cations move across the 15 3d series of the periodic table from Sc through Ni. useful for correlating with a number of perovskite properties. [6, [44] [45] [46] The B-site cation 3d-band center and the
15
La/Sr A-site band centers (both calculated with respect to E Fermi ) were also investigated as possible descriptors.
16
However, no useful physical trends emerged from their analysis. Therefore, we focused on the bulk O 2p-band of the O 2p-band center energy. In both plots, the blue symbols refer to insulating perovskites while red 21 symbols refer to metallic perovskites. In the present case, "insulating" refers to any material we calculated to 22 have a finite bulk and surface band gap, whether due to band-insulating or Mott-Hubbard insulating behavior.
23
The materials which compose the set of insulating perovskites are: LaScO 3 , LaTiO 3 , LaVO 3 , LaCrO 3 , SrTiO 3 24 and LaAlO 3 . The remaining perovskite materials are referred to as "metallic" perovskites. Although the bulk 25 ground states of some of these materials, for example LaMnO 3 and LaFeO 3 , are also insulating, the 26 ferromagnetic near-surface electronic structure is metallic.
[47] Our inclusion of these materials in the category of Perhaps the most striking feature of the calculated work functions in Figure 2 is that the AO surfaces 
19
The trend of increasing BO 2 work function when proceeding from left to right on the periodic table   20 along the 3d row as shown in Figure 2 can be understood in terms of the transition metal electronegativities.
21
When proceeding from Ti to Ni, the electronegativity of the transition metal ion is increasing as the 3d band illustrate that materials with higher 3d band filling will have increased band hybridization. This increased band 10 hybridization will result in O 2p bands that are closer to E Fermi , which will result in higher BO 2 work functions.
11
Based on this discussion, if one were interested in creating a perovskite with a higher work function, one 12 strategy would be to increase the band hybridization by doping the A-site with alkaline earths to further oxidize because DFT has been shown to accurately reproduce work functions of metal surfaces [21] and the ability of 5 HSE to accurately reproduce the electronic structure of these materials, [19, 20] it is reasonable to expect that the 6 calculated work functions are within a few tenths of an eV of the true work function for the surface being 7 modeled. Some additional errors are introduced due to the use of idealized surfaces without defects or 8 reconstructions, but we expect those effects to also be within a couple of tenths of an eV for most surfaces, as As discussed in Section 3.1, the band positions are the dominant contribution setting the value of the 18 BO 2 work functions. Here, we illustrate the connection between the band structure and work function using compared to Figure 4A , and a slightly lower work function. In Figure 4C , the metallic perovskite with 24 minimally filled 3d band has less band hybridization than the case in Figure 4B , which results in an occupied 25 portion of the B 3d band that is more empty, less hybridized and is higher in energy. Since the occupied portion 1 of the B 3d band is higher in energy, E Fermi is also higher. Overall, this leads to an O 2p-band center that is 2 further from E Fermi and a lower work function. The insensitivity of the BO 2 work functions to surface dipoles can be understood qualitatively by Therefore, we can think of the emitted electrons as emerging from the BO 2 layers. Thus, the electrons being for both the AO-and BO 2 -terminated surfaces. Electrons emitting from the surfaces of these materials will originate at the 12 Fermi level, which are predominantly from the BO 2 layers. In (B), the emission of surface electrons from the BO 2 surface 13 originates from the terminating surface layer. The BO 2 work function is dominated by the band positions relative to 14 vacuum, and relatively insensitive to the surface dipoles. In (C), the emission of a surface electron again originates from 15 the BO 2 layer, which is now present in the subsurface layer. The terminating surface layer is now an AO-plane, which 16 does not appreciably contribute to the density of states near the Fermi level. Here, the AO surface acts as a large dipole 17 layer, lowering the AO work function. In this way, the work function of the AO surface is dominated by surface dipoles, 18
and is relatively insensitive to the band positions. from Ti through Ni, more 3d electrons are added to the system, the bond hybridization increases, the 3d bands 5 fill and move lower in energy, and thus E Fermi is lower in energy and closer to the O 2p-band center. Because 6 E Fermi is lower in energy, the work function of BO 2 surfaces increases as more 3d electrons are added. Figure 6 contains the surface structures of (011) and (111) and are tabulated below in Table 2. 17 Table 2 : Tabulated values of calculated work functions and surface energies for different SrVO 3 surface terminations.
18
The work functions of (001) surfaces are repeated from Figure 6 : SrVO 3 surface slabs of (011) and (111) and computational studies [57, 64, 65] show that numerous perovskite materials exhibit segregation of alkaline earth on the AO-terminated (001) surface of SrVO 3 since this is the low work function surface termination of interest.
The AO-terminated (001) surface was simulated with concentrations of 25%, 50% and 100% (this is equivalent 19 to replacing one SrO row with a (Mg, Ca, Ba)O row) site fraction Mg, Ca and Ba on the surface of the AO 1 (001) slab (see Figure 7C ). As shown in Figure 7 , it was found that surface doping of Mg and Ca raised the O. This longer bond length is most likely the result of the larger ionic radius of Ba (1.75 Å) over Sr (1.58 Å).
[66]
14
This bond lengthening is expected to increase the size of the dipole for Ba at the surface in a direction that will the surface of the slab, resulting in an extremely low work function of 1.07 eV. The Ba segregation energy is calculated to 4 be -0.64 eV/Ba, and indicates that Ba will preferentially segregate to the surface. The large green spheres are Sr, the large 5 blue spheres are Ba, medium-sized red spheres are V (in the middle of the octahedra), and the small red spheres are O. 6
The plot in (C) shows how the calculated AO-terminated SrVO 3 work function changes when the top surface layer is 7 alloyed with Mg, Ca, and Ba for different concentrations. The only dopant expected to lower the work function is Ba. 8
9
Because Ba 2+ is a larger cation than Sr 2+ , it was worth investigating whether cation segregation may 1 occur in doped SrVO 3 . As discussed previously, cation segregation has been observed in many perovskite 2 materials. [50] [51] [52] [53] [54] [55] [56] [57] [60] [61] [62] [63] [64] [65] [66] To ascertain if Ba segregation may occur in SrVO 3 , we calculated the formation energy of 3 substituting Ba in place of Sr for the two cases illustrated in Figure 7 , and also calculated the segregation 4 energy of dilute Ba (25% Ba substitution in the middle of the surface slab) to the surface of SrVO 3 . The energy 5 to substitute Sr for Ba, ΔE sub , was calculated using the equation
E defected is the total energy of the SrVO 3 surface slab with Ba substituting for Sr, E perfect is the energy of the 7 undefected SrVO 3 slab, x is the number of Ba substitutions (in this case x=1 Ba atom in our dilute calculation), 8 and E BaO and E SrO are the total energies of rocksalt BaO and rocksalt SrO, respectively, which are taken as the 9 reference states for Ba and Sr atoms. We found that the energy to substitute Ba for Sr in the middle of the 10 SrVO 3 slab ( Figure 7A ) was 0.26 eV/Ba, while to substitute Ba for Sr on the surface ( Figure 7B ) was -0.38 11 eV/Ba. The energetic driving force for Ba surface segregation is just the difference of these energies, and is 12 equal to -0.64 eV/Ba. Note that while the value of ΔE sub is, in principle, dependent on temperature, pressure, and 13 choice of reference state, the energy difference reported by calculating the segregation energy is the more 14 physically insightful quantity, and its value is independent of the chosen reference state. The magnitude of this 15 segregation energy is consistent with DFT calculations of cation surface segregation in other systems.
[67]
16
Therefore, if Ba is doped into SrVO 3 , one may expect that over time Ba will diffuse to the surface and can 
10
Because the time to desorb an atom from a material surface scales exponentially with the adsorption energy, it 11 is evident from the above calculations that at T = 1000 K, which is an approximate temperature used in operating lifetime orders of magnitude longer than current dispenser cathode technologies.
18
As we have only considered a small representative set of perovskite materials in this study, it is possible shown in Figure 1 . Our use of pseudocubic structures provides a good approximation to the average cubic 26 symmetry exhibited by many of these materials at elevated temperatures of T > 500 K, [5] and provides a 1 structurally consistent set of materials to investigate compositional trends in the surface work function. We 2 expect the compositional trends in work function and physics described in this work to also hold under room 3 temperature conditions. However, some quantitative differences in work function should be expected. Supplementary Information (SI). 8 We performed all of our calculations using Density Functional Theory (DFT) as implemented by the 9
Vienna ab initio simulation package (VASP) [72] with a plane wave basis set. We used the hybrid HSE exchange 10 and correlation functional of Heyd, Scuseria and Ernzerhof [18] with Perdew-Burke-Ernzerhof (PBE)-type 11 pseudopotentials [73] utilizing the projector augmented wave (PAW) [74] method for La, Ca, Mg, Ba, Sr, Sc, Ti, V,
12
Cr, Mn, Fe, Co, Ni, Ru and O atoms. The fraction of Hartree-Fock (HF) exchange in the HSE method for each 13 material was obtained from Refs. [20] and [19] . In Refs. [20] and [19] , the fraction of HF exchange was fitted to 
